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INTRODUCTION 

I n  a recent  s t u d y ,  t h e  thermal decomposition of 13 c o a l s  was examined i n  
over  600 vacuum d e v o a l t i l i z a t i o n  experiments  ( 1 ) .  The r e s u l t s  f o r  a l l  13  coals  
were successfu l ly  s imulated i n  a model which assumes the evolu t ion  of t a r  "monomers" 
from the coal  "polymer" and the  p a r a l l e l  evolu t ion  of smaller  molecular spec ies  
produced by f u r t h e r  c racking  of t h e  molecular  s t r u c t u r e  ( 2 , 3 ) .  
each spec ies  i s  c h a r a c t e r i z e d  by r a t e  cons tan ts  which do not  vary with coa l  rank.  
The d i f fe rences  between c o a l s  a r e  due to  d i f f e r e n c e s  i n  t h e  mix of  sources  i n  t h e  
c o a l  for  t h e  evolved s p e c i e s .  The sources  were t e n t a t i v e l y  r e l a t e d  t o  t h e  funct ional  
group concent ra t ions  i n  t h e  coa l .  

The evolu t ion  of  

This paper  r e p o r t s  a s tudy t o  v e r i f y  t h e  r e l a t i o n s h i p  between func t iona l  
group d i s t r i b u t i o n  and thermal decomposition behavior .  A Fourier  Transform 
Inf rared  Spectrometer (FTIR) has  been employed t o  obta in  q u a n t i t a t i v e  inf ra red  
s p e c t r a  of the  c o a l s ,  c h a r s  and t a r s  produced i n  t h e  d e v o l a t i l i z a t i o n  experiments. 
The spec t ra  have been deconvoluted using a computerized s p e c t r a l  s y n t h e s i s  rou t ine  
t o  obta in  f u n c t i o n a l  group d i s t r i b u t i o n s ,  which a r e  compared t o  t h e  model parameters. 

MODEL 

The thermal  decomposition model i s  i l l u s t r a t e d  i n  Fig.  1 .  The i n i t i a l  
c o a l  composition (F ig .  l a )  i s  descr ibed  by the f r a c t i o n  Y; of each func- 
t i o n a l  group present  (Ei Y p  = 1)  and t h e  f r a c t i o n  of  coal  Xo which i s  
p o t e n t i a l l y  t a r  forming. During decomposition each component may evolve as an 
independent spec ies  i n t o  t h e  gas o r  may evolve wi th  t h e  t a r .  The evolu t ion  of 
a component i n t o  t h e  t a r  i s  descr ibed  by the  diminishing of the X dimension 
and in to  t h e  gas by t h e  diminishing of  the  Yi dimensions according t o  

X = Xo exp(-kXt) and Yi = Y p  exp(-ki t )  

where k i  and kX a r e  r a t e  cons tan ts  given i n  Table I. 

According t o  t h i s  model the  t a r  conta ins  a m i x  of func t iona l  groups s i m i l a r  t o  
t h a t  in  t h e  parent c o a l .  This concept  i s  based on t h e  s t rong  s i m i l a r i t y  between 
vacuum d e v o l a t i l i z e d  t a r  and t h e  parent  coa l  observed i n  chemical composition 
( 1 , 2 , 3 ) ,  i n f r a r e d  s p e c t r a  ( 1 , 3 , 4 , 5 ) ,  and nmr s p e c t r a  ( 1 , 3 ) ,  The s i m i l a r i t y  of t h e  
i n f r a r e d  s p e c t r a  i s  i l l u s t r a t e d  i n  F i g .  2 f o r  four  coa ls .  The resemblance of the  
t a r  and parent  coal  sugges ts  tha t  t h e  t a r  c o n s i s t s  of "monomers" re leased  from t h e  
c o a l  "Polymer". 
paren t  coal i s  the  h i g h e r  q u a n t i t y  of a l i p h a t i c *  CH2 and CH3. 

* No at tempt  has  been made i n  t h i s  paper t o  d i s t i n g u i s h  between a l i p h a t i c  and 

The major d i f f e r e n c e  observed i n  t h e  ir s p e c t r a  between t a r  and 
This i s  presumably 

a l i c y c l i c  CH. 
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because t h e  monomers a b s t r a c t  hydrogen t o  s t a b i l i z e  the  f r e e  r a d i c a l  s i tes produced 
when the monomer was f reed .  S imi la r  arguments were given f o r  p y r o l y s i s  of model 
compounds by Wolfs, van Krevelen and Waterman ( 6 ) .  

TABLE I KINETIC CONSTANTS FOR LIGNITE AND BITUMINOUS COALS ( 2 )  

Funct ional  Group K i n e t i c  Rates  

carboxyl 
hydroxyl 
e t h e r  
a l i p h a t i c  
aromatic  H 
aromatic  C 
tar 

kl = 
k2 = 15 exp (- 4950/T) 
k3 = 890 exp (-12000/T) 

k4 = 4200 exp (- 9000/T) 
ks = 3600 exp (-12700/T) 
k6 = 0 
kX = 750 exp (- 8OOO/T) 

6 exp (- 4000/T) sec-I 

Figure l b  i l l u s t r a t e s  t h e  i n i t i a l  s t a g e  of thermal decomposition dur ing  which 
t h e  v o l a t i l e  components H 2 0  and COP evolve from t h e  hydroxyl and carboxyl  groups 
r e s p e c t i v e l y  along wi th  a l i p h a t i c s  and tar .  
evolved from t h e  e t h e r  and aromatic  H.  

A t  a l a t e r  s tage  (F ig .  I C )  CO and H2 a r e  

To s imula te  t h e  a b s t r a c t i o n  of H by t h e  tar ,  the  a l i p h a t i c  f r a c t i o n  i n  t h e  t a r  
i s  assumed t o  be re ta ined  toge ther  with some a d d i t i o n a l  a l i p h a t i c  material which 
may be added d i r e c t l y  o r  may c o n t r i b u t e  i t s  hydrogen. 
a l i p h a t i c  m a t e r i a l  i s  c o n t r i b u t e d ,  i t s  assoc ia ted  carbons remain wi th  t h e  aromatic  
carbon f r a c t i o n  which eventua l ly  forms the  char  (F ig .  I d ) .  

When hydrogen from the  

INFRARED SPECTRA 

Inf rared  Spectra  of c o a l s ,  t a r s  and chars  were obtained on a Nicole t  FTIR.  
K B r  p e l l e t s  of c o a l s  and chars  were prepared by mixing 1 mg of  d r y ,  f i n e l y  ground 
(20 min i n  a "Wig-L-Bug") sample with 300 mg of K B r .  Thi r teen  mm diameter  p e l l e t s  
were pressed i n  an evacuated d i e  under 20,000 l b s  pressure  f o r  one minute and d r i e d  
a t  l l O ' C  overn ight  t o  remove water .  Since t h e  hea t ing  process  destroyed s i m i l a r l y  
prepared t a r  p e l l e t s ,  t h e  water c o r r e c t i o n  was obtained by s u b t r a c t i n g  t h e  spectrum 
of  a blank d i s k  prepared under t h e  same condi t ions .  
matched those  from samples prepared by al lowing the  t a r  produced i n  thermal  decom- 
p o s i t i o n  t o  f a l l  d i r e c t l y  onto a water  f r e e  blank K B r  d i s k .  

The H20 cor rec ted  s p e c t r a  

The FTIR o b t a i n s  s p e c t r a  i n  d i g i t a l  form and c o r r e c t i o n s  f o r  p a r t i c l e  s c a t t e r -  
i n g ,  minera l  content  and water may be e a s i l y  made. A t y p i c a l  c o r r e c t i o n  sequence 
i s  i l l u s t r a t e d  i n  F ig .  3 .  The lower curve i s  t h e  uncorrected spectrum of a d r i e d  
c o a l .  It has  a s lope  due to  p a r t i c l e  s c a t t e r i n g  and peaks from t h e  minera l  compo- 
nents  near  1000 and 450 cm-'. 
spectrum has  been subt rac ted .  I n  t h e  top the spectrum f o r  a mixture  of k a o l i n  and 
i l l i t e  has  been subt rac ted  (7) and t h e  spectrum sca led  t o  give t h e  absorbance f o r  1 
mg of coa l  dmmf. 

In  t h e  middle f i g u r e  a s t r a i g h t  l i n e  s c a t t e r i n g  

Much previous work has been done to  i d e n t i f y  the  f u n c t i o n a l  groups r e s p o n s i b l e  
f o r  t h e  observed peaks. Extensive re ferences  may be found i n  Lowry (8 )  and van 
Krevelen ( 9 ) .  To g e t  a q u a n t i t a t i v e  measure of t h e  func t iona l  group c o n c e n t r a t i o n s ,  
a curve a n a l y s i s  program (CAP) a v a i l a b l e  i n  the  Nicolet  l i b r a r y  was used t o  synthe-  
s i z e  t h e  i r  spec t ra .  The s y n t h e s i s  i s  accomplished by adding 26 absorp t ion  peaks 

I 
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with Gaussian shapes and v a r i a b l e  p o s i t i o n ,  width,  and he ight  as shown i n  Fig.  4 .  
The peaks a r e  s e p a r a t e d  according t o  t h e  i n d e n t i f i e d  f u n c t i o n a l  group. It has  been 
determined t h a t  a l l  t h e  c o a l s ,  c h a r s ,  and t a r s  which were s tud ied  could be synthe- 
s i z e d  by vary ing  only t h e  magnitudes o f  a s e t  of  Gaussians whose widths and pos i t ions  
w e r e  held c o n s t a n t .  These samples could t h e r e f o r e  be analyzed i n  terms of a f ixed  
mix of f u n c t i o n a l  groups.  

Peak 0 a t  1600 cm-' has  been included wi th  the  hydroxyl group. The i d e n t i t y  
of t h i s  peak has  caused much s p e c u l a t i o n  i n  t h e  l i t e r a t u r e  ( 8 , 9 ) .  F u j i i  e t  a l .  
(101,  showed t h a t  t h e  i n t e n s i t y  o f  t h e  1600 cm-l peak v a n e d  l i n e a r l y  with oxygen 
content  i n  t h e  coa l .  The present  s tudy narrows the  c o r r e l a t i o n  s t i l l  f u r t h e r .  
F igure  5 shows a l i n e a r  r e l a t i o n  between t h e  i n t e n s i t y  of the 0 peak a t  1600 0m-l 
and t h e  hydroxyl conten t  measured by peaks L ,  H, N and Q. The c o r r e l a t i o n  inc ludes  
c h a r s  which have a h igh  oxygen content  i n  e t h e r  groups but  very low hydroxyl so 
t h a t  the  c o r r e l a t i o n  w i t h  t o t a l  oxygen would no longer  hold. It has ,  t h e r e f o r e ,  
been concluded t h a t  t h e  sharp l i n e  a t  1600 cm-' i s  caused mainly by hydroxyl 
oxygen probably i n  t h e  form of  phenols .  

The c a l i b r a t i o n  o f  t h e  a l i p h a t i c  peaks near  2900 0 m - l  ( l i n e s  A-E) and the 
aromatic  peaks near  800 cm-l ( l i n e s  I-K) i s  shown i n  F ig .  6. 
determine t h e  v a l u e s  o f  t h e  cons tan ts  a and b ,  which r e l a t e  peak areas  t o  t h e  
corresponding hydrogen concent ra t ion ,  i . e . ,  

The o b j e c t i v e  i s  t o  

H a l i  = a AABCDE and AIJK 

where AABCDE is t h e  a r e a  under t h e  a l i p h a t i c  peaks A-E, AIJK i s  the  a r e a  under 
t h e  aromatic  peaks I-K, and Hali and Har the  a l i p h a t i c  ( o r  a l i c y c l i c )  and aromatic  
hydrogen c o n c e n t r a t i o n s ,  r e s p e c t i v e l y .  The equat ion f o r  t o t a l  hydrogen concentra- 
t i o n  Htotal  = Hali + Ha, + Hhydroxyl may be combined wi th  the above equat ions  
t o  y i e l d  

where Hhydroxyl i s  t h e  hydrogen content  i n  hydroxyl groups obtained from 

Hhydroxyl = ALMNQ 

where c has  been determined using the r e l a t i o n  between hydroxyl content  and s p e c i f i c  
e x t i n c t i o n  c o e f f i c i e n t  a t  3450 cm-l der ived  by &awa and Shih (11) .  

The hydrogen d i s t r i b u t i o n  computed using t h e  determined va lues  of a = .075 and 
b = .071 a r e  shown i n  Table  11. In t h e  present  i n v e s t i g a t i o n  it  was f e l t  t h a t  t h e  
de te rmina t ion  of peak a r e a s  r a t h e r  than peak i n t e n s i t i e s  would t h e  more a c c u r a t e  
method for  determining q u a n t i t a t i v e  f u n c t i o n a l  group concent ra t ions .  For comparison 
t o  o t h e r  i n f r a r e d  i n v e s t i g a t i o n s  more u s e f u l  r e l a t i o n s  a r e  

H a l i  = 11.5 x Da l i  A/M % and Ha,, = 19.2 x Daro A/M % 

where A i s  t h e  a r e a  of t h e  p e l l e t  i n  cm2, m t h e  sample weight i n  mg, Dali i s  t h e  
o p t i c a l  d e n s i t y  o f  t h e  peak a t  2920-1 and Daro i s  t h e  average o p t i c a l  d e n s i t y  o f  t h e  
I ,  J ,  and K peaks near  800 cm-1. 

186 



TABLE I1 HYDROGEN DISTRIBUTION I N  COALS (dmnf) 

COAL PLOlTING 
SYMBOL 

PSOC 268 M 
PSOC 124 B 
PSOC 170 G 
PSOC 103 A 
Bu M i  40660 Z 
PSOC 330 v 
PSOC 212 J 
PSOC 308 T 
Montana 4 
L i g n i t e  

C 

86.2 
84.8 
81.8 
82.9 
79.9 
80.4 
76.2 
74 .O 
65.2 

From IR 
H H a l i  Hhydr ' a ro lHal i  

5.24 
7.17 
5.37 
5.11 
5.32 
5.09 
4.81 
5.11 
3.60 

6.13 
6.35 
9 .12  

10.04 
11.74 
12.21 
16.81 
18.14 
29.44 

2.7 2 . 8  
1 .6  6.0 
1 .8  3.2 
2.0 2.4 
2.0 3.1 
1.9 2 .8  
1 .5  2.5 
1 . 7  3.0 
1 . 1  1 .7 

.28 

.42 

.31 

.36 

.42 

.4 2 

.58 

.58 

.71 

.79 

. 2 7  

.56 

.83 

.65 

.68 

.60 

.57 

.65 

The aromatic  hydrogen values  a r e  i n  agreement wi th  those  determined by? 
Krevelen ( 8 )  and by Mazumdar, e t  a l .  ( l l ) ,  from p y r o l y s i s  measurements but a r e  
l a r g e r  (by about a f a c t o r  of 2) than those  determined by Brown (12)  using i r  
techniques.  Brown measured t h e  r a t i o  of e x t i n c t i o n  c o e f f i c i e n t s  a t  3030 0m-l 
( l i n e  H) and 2920 0m-l ( l i n e  D) and used an assumed va lue  of 2 ( t h i s  va lue  has  
been open t o  ques t ion)  f o r  t h e  r a t i o  of  absorp t ion  s t r e n g t h  f o r  a l i p h a t i c  and 
aromatic  C-H bonds. The r a t i o  of e x t i n c t i o n  c o e f f i c i e n t s  determined i n  t h e  present  
s tudy are  i n  reasonable  agreement with those deterniined by Brown thus the  absorp t ion  
s t r e n g t h  r a t i o  must be approximately 4 t o  produce t h e  measured values  of Haro/Hali. 

THERMAL DECOMPOSITION 

The progress  of thermal decomposition i s  i l l u s t r a t e d  by t h e  series of s p e c t r a  
f o r  chars  i n  Fig. 7 .  The chars  were produced by d e v o l a t i l i z i n g  coa l  PSOC 212 f o r  
80 s e c  a t  t h e  i n d i c a t e d  temperature .  The r e s u l t s  a r e  s i m i l a r  t o  those  observed by 
Brown (13) and Oeler t  (14) .  The rap id  disappearance of t h e  a l i p h a t i c  and hydroxyl 
peaks is apparent .  The temperature and t i m e  dependence of t h e  decrease  i n  t h e s e  
groups i s  i n  agreement with t h e  k i n e t i c  c o n s t a n t s  of Table I obta ined  from a n a l y s i s  
of  t h e  gas components and elemental  composition of t h e  char  and t a r  i n  thermal  
decomposition. The aromatic  peaks remain t o  high temperature  and t h e  e t h e r  peaks 
a r e  observed t o  increase  i n  i n t e n s i t y  possibly from t h e  c r e a t i o n  of new e t h e r  
l inkages  by 

C-OH + C-OH + C-0-C + H20. 

For high temperature chars  whose carbon content  exceeds 92 percent  a broad absorp- 
t i o n  begins  t o  dominate t h e  spectrum. This is  s i m i l a r  t o  the  e f f e c t  observed i n  
high rank coa ls  (above 92% C) which has  been a t t r i b u t e d  t o  e l e c t r o n i c  absorp t ion  
( 8 , 9 ) .  

Figure 8 shows t h e  q u a n t i t a t i v e  determinat ion of the  hydrogen f u n c t i o n a l  group 
d i s t r i b u t i o n  f o r  the  chars  i n  Fig.  7.  Figure 9 shows the  measured hydrogen content  
and model p r e d i c t i o n .  The agreement i s  good. Comparison of F igs .  8 and 9 c l e a r l y  
shows how t h e  low temperature  loss of a l i p h a t i c  m a t e r i a l  and t a r  and t h e  r e t e n t i o n  
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of aromatic  hydrogen produced t h e  observed shape f o r  the  curve of t o t a l  hydrogen 
content  v s .  temperature .  The d i s t r i b u t i o n  of o t h e r  products  of thermal decomposi- 
t i o n  for t h e  same c o a l  is shown i n  Figs .  1 0  and 11. 

The thermal  decomposition model was developed using model parameters der ived 
from the decomposition experiments  (1,2,3). The observed r e l a t i o n s h i p  between t h e  
products  and t h e  f u n c t i o n a l  group compositions determined from i r  measurements 
i n d i c a t e s  tha t  s e v e r a l  of these  model parameters may be obtained d i r e c t l y  from t h e  
i r  s p e c t r a .  A comparison of parameters determined from t h e  thermal  decomposition 
experiments with t h o s e  determined from t h e  i r  measurements is made i n  Fig.  12. 
Addit ional  parameters may a l s o  be determined i n  t h e  same way. 

CONCLUSIONS 

1 .  

2 .  

3 .  

4 .  

5. 

6.  

7 .  

8 .  

The r e s u l t s  of  t h e  present  i n v e s t i g a t i o n  have y ie lded  t h e  fol lowing conclusions:  
FTIR provides  a convenient t o o l  for  ob ta in ing  q u a n t i t a t i v e  i n f r a r e d  s p e c t r a  of 
coa ls ,  chars  and t a r s  on a dry  mineral  mat te r  f r e e  b a s i s .  
The s p e c t r a  of a l l  t h e  c o a l s ,  chars  and t a r s  s tud ied  could be deconvoluted by 
varying t h e  magnitudes of a s e t  of 26 Gaussians whose width and p o s i t i o n  were 
held c o n s t a n t .  This provides  a good way f o r  determining magnitudes of ind iv i -  
dual peaks.  
Corre la t ion  of t h e  magnitudes of t h e  1600 0m-l peak w i t h  the  hydroxyl content  
of a v a r i e t y  of  c o a l s ,  t a r s  and chars  i n d i c a t e s  t h a t  hydroxyl, probably i n  the  
form of phenols ,  c o n t r i b u t e s  s t rongly  t o  t h i s  peak. 
A regress ion  a n a l y s i s  appl ied t o  a s e r i e s  of c o a l s ,  c h a r s  and t a r s  with widely 
d i f f e r i n g  r a t i o s  of  a l i p h a t i c  t o  aromatic  hydrogen has  been used t o  c a l i b r a t e  
t h e  a l i p h a t i c  and aromatic  C-H absorp t ion  i n t e n s i t i e s .  
The va lues  of a romat ic  hydrogen for  c o a l s  der ived  from t h e  i n f r a r e d  a n a l y s i s  
are i n  reasonable  agreement with those of van Krevelen (8) and Mazumdar (11) 
b u t  a r e  roughly a f a c t o r  of 2 l a r g e r  than  t h o s e  der ived  by Brown ( 1 2 ) .  
Inf ra red  s p e c t r a  o f  a s e r i e s  of coa ls  and tars demonstrate  t h e  very c l o s e  
s i m i l a r i t y  of t a r s  t o  t h e i r  parent  c o a l s  providing f u r t h e r  evidence t h a t  t h e  
t a r  c o n s i s t s  of hydrogen s t a b i l i z e d  "monomers" der ived  from decomposition of 
the  c o a l  "polymer". 
The v a r i a t i o n  of  f u n c t i o n a l  group concent ra t ions  i n  t h e  products  of thermal 
decomposition i s  i n  good agreement wi th  the p r e d i c t i o n s  of a d e t a i l e d  thermal 
decomposition model ( 1 , 2 , 3 ) .  
Most o f  t h e  c o a l  parameters  used i n  t h e  thermal decomposition model may be 
obtained d i r e c t l y  from a n  i n f r a r e d ,  u l t i m a t e  and proximate a n a l y s i s  of the coal 
allowing p r e d i c t i o n  o f  thermal  decomposition behavior  from a genera l  set  of 
k i n e t i c  c o n s t a n t s  appl icable  t o  l i g n i t e  and bituminous c o a l s .  
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